Hao L, Midic U, Garriga J, Latham KE. Contribution of CBX4 to cumulus oophorus cell phenotype in mice and attendant effects in cumulus cell cloned embryos. Physiol Genomics 46: 66-80, 2014. First published November 26, 2013 doi:10.1152/physiolgenomics.00071.2013.-Cumulus oophorus cells play an essential role in oocyte development. They are also widely employed as donor cells for cloning by somatic cell nuclear transfer. Our previous studies revealed that Cbx4 mRNA was overexpressed in cloned two-cell embryos. These data indicated that CBX4 may regulate normal cumulus cell differentiation and that its overexpression in clones could contribute to aberrant gene regulation. We used siRNA-mediated knockdown of Cbx4 to assess its role in determining cumulus cell phenotype and compared the effects of this knockdown to published data for aberrant gene regulation in cloned embryos. We observed widespread effects on the expression of genes related to diverse processes in cultured cumulus cells, including cell assembly/proliferation and DNA replication/repair, endocrine function, carbohydrate and lipid metabolism, inflammation, and cell morphology, with apparent effects of CBX4 in promoting cumulus cell proliferation and survival and inhibiting differentiation. Overall, the data implicate CBX4 as a key component in the pathway integrating endocrine signals, intraovarian paracrine factors, and oocyte-derived factors in the control of cumulus cell functions. We also observed altered expression of 25 cumulus cell markers of oocyte quality, indicating an important role of CBX4 in production of high quality oocytes. Finally, we found that about one-quarter of the genes showing aberrant transcription in cloned embryos are sensitive to Cbx4 knockdown in cumulus cells, consistent with a role for aberrant Cbx4 regulation in elaborating abnormal cloned embryo characteristics.
THE CUMULUS OOPHORUS CELL is an essential companion cell that supports the growth and maturation of mammalian oocytes. The oocyte recruits cells from the follicular granulosa cell population to become cumulus cells, which proliferate and eventually surround the oocyte in multiple layers and remain in contact with the oocyte through cytoplasmic processes that penetrate the oocyte zona pellucida. The cumulus cells and the oocyte are connected via gap junctions. The cumulus cells provide metabolites to the oocyte to promote its development and play a key role in controlling meiotic progression (1, 19, 38, 51) . Thus, while the oocyte orchestrates the overall pace of oogenesis, a complex dialog between cumulus cells and oocyte takes place, so that the phenotypic characteristics of both cell types evolve in coordination with each other during the overall process of oogenesis. Cumulus cells promote the formation of high-quality oocytes during in vitro maturation (12) . The cumulus cells remain attached to the oocyte after ovulation and revert to a more granulosa cell-like state, in which they may replace intrafollicular paracrine signals that emanate from the granulosa cells to maintain oocyte quality (14) . Interestingly, transcriptome profiles of cumulus cells appear more highly predictive of oocyte quality than the oocyte's own transcriptome (32, 33) . Whereas transcriptome comparisons of highand low-quality MII oocytes yielded just 59 genes with significant differences in expression, an equivalent comparison of transcriptomes of cumulus cells associated with those oocytes yielded 452 gene with significantly altered expression and a large number of additional genes displaying altered transitions from pre-to postmaturation stages. These observations indicate that oocyte quality is dramatically affected by aberrant gene regulation in the cumulus cell. The simplest explanation for this is that altered cumulus cell gene regulation controls the synthesis, stability, and accumulation of key macromolecular components of the oocyte that affects its quality.
The cumulus cells thus undergo a complex and dynamic history with respect to differentiated phenotype. This situation differs considerably from the more common conceptualization of cellular differentiation of many other cell types, in which cells transition to a single stable differentiated state and maintain that state until they are eliminated. The regulatory mechanisms that enable such a dynamic and flexible differentiated state in the cumulus cell are not well understood.
Chromatin regulators comprise a key class of gene regulatory factors that may contribute to establishment of a differentiated cell state that is dynamic and flexible. Such factors enable stable, heritable chromatin states to be programmed into cells during development but are also amenable to dynamic reprogramming by allowing the regulated reversal or modification of posttranslational changes in histones and changes in DNA methylation. Cloning by somatic cell nuclear transfer has offered a unique portal by which to view nuclear reprogramming and by which to assess the relative stability of chromatin states.
In an earlier analysis, we observed that the mRNA encoding the Polycomb group protein gene Chromobox 4 (Cbx4) is overexpressed in two-cell stage cloned mouse embryos compared with fertilized embryos (57) . CBX4 is enriched at sites of facultative heterochromatin (9) . CBX family members are found in distinct complexes that regulate distinct sets of target genes, with distinct effects on phenotype (31, 43, 56) . For example, CBX7 promotes pluripotency in embryonic stem cells and hematopoietic stem cell renewal (31, 43, 44) by suppressing other CBX family members (43) . In contrast, CBX4 promotes lineage commitment and differentiation in embryonic stem cells and other cell types (43, 44) . CBX4 also promotes cell proliferation in some cell types (35) . Its loss is associated with some forms of cancer (50) . CBX4 also inhibits cellular senescence in human epidermal stem cells (37) . CBX4 is itself regulated by sumoylation (9) and in turn sumoylates DNA methyltransferase 3a and promote DNMT3A and DNMT3B recruitment to sites of gene repression (30, 34) , SMAD-interacting protein, and other transcription factors to promote their binding to sites of repression (36, 45) , and BMI1 to promote its recruitment to sites of DNA damage (28) . CBX4 possesses SUMO E3 ligase activity and promotes the sumoylation of transcriptional co-repressors and other transcription and chromatin regulators (42) , as well as DNA repair factors (28) , and is required for p53/TP53 transcriptional activation. Hence, CBX4 exerts many genome-wide effects, some repressive and others activating.
Because cloned embryos manifest numerous somatic celllike features (21, 22) , overexpression of Cbx4 mRNA in clones raised the possibility that CBX4 may play an important role in elaborating the cumulus cell state and that its continued expression in clones could promote continued expression of cumulus cell characteristics. To learn the overall degree to which CBX4 contributes to the cumulus cell differentiated state, we undertook siRNA-mediated knockdown of CBX4 expression in cultured cumulus cells. We observed widespread impact on the mRNA expression profile, confirming that CBX4 plays a key role in cumulus cell differentiation. We also found that approximately one-quarter of the genes showing aberrant transcription regulation in cloned embryos are affected by Cbx4 siRNA in cumulus cells, consistent with the hypothesis that a small number of transcription regulators expressed aberrantly in clones due to incomplete reprogramming generates an expanded array of gene expression changes. Additionally, nearly half of the affected genes are likely regulated in a cell type-specific manner. These results provide new insight into the role of CBX4 in controlling cellular phenotype and the role of CBX4 in limiting successful cloning outcome.
MATERIALS AND METHODS
Cumulus cell culture and siRNA transfection. Cumulus cells were harvested from BDF1 mice that had been superovulated by injection of 5 IU equine chorionic gonadotropin followed by 5 IU human chorionic gonadotropin 46 -48 h later. Cumulus cells were isolated from ovulated MII stage cumulus-oocyte complexes, washed with M2 medium, resuspended in MEM-␣ containing 10% FCS, penicillin, and streptomycin, and then plated in six-well plates at a density of 2 ϫ 10 4 cells/well. They were cultured overnight before transfection. Double-stranded siRNAs (21-mer) targeting mouse CBX4 were purchased from Qiagen (Valencia, CA). The corresponding target mRNA sequences for the siRNAs were: Cbx4-6 (S102731834): CAG-GAAGAGCGG-CAAGT ATTA, Cbx4-7 (S104446673): AAGGTC-CGAAGTTGAGGGAAA. Scrambled siRNA was used as a negative control. Cumulus cells were transfected with siRNA (25 nM Cbx4-6 and 25 nM Cbx4-7) using lipofectamine RNAiMAX reagent (Invitrogen/Life Technologies, Grand Island, NY) according to the manufacturer protocol. After overnight culture, the medium was replaced and the cells were transfected by the forward transfection method. We diluted 30 pmol of siRNA in 50 l Opti-MEM medium (Invitrogen) and mixed that with 1 l of Lipofectamine RNAiMAX reagent (Invitrogen) diluted in 49 l of Opti-MEM medium. After incubation for 20 min at room temperature, the mixture was added to wells containing the cumulus cells. Cumulus cells were harvested after 72 h of incubation at 37°C in a humidified 5% CO 2 atmosphere.
qRT-PCR assay. The RNA interference (RNAi) results were evaluated with a Taqman real-time polymerase chain reaction assay, for which RNA was extracted 3 days after transfection by the Pico Pure RNA Isolation Kit (Arcturus/Life Technologies) and reverse transcribed with Superscript III First-Strand Synthesis System (Invitrogen). The TaqMan gene expression primers/probes were from ABI (Applied Biosystems/Life Technologies). We amplified 20 l reactions through 40 cycles under universal cycling conditions at 95°C for 15 s; 60°C for 1 min on a StepOnePlus Real-Time PCR System. Quantification was normalized to the endogenous histone H2A [Mm00501974_s1, (Hisst2ah2aa10)] within the log linear phase of the amplification curve by the comparative C t method, where Ct is threshold cycle.
Western blot analysis. We prepared whole protein extracts by lysing the cumulus cells 3 days after siRNA transfection in lysis buffer containing: 50 mM Tris·HCl (pH 7.4), 5 mM EDTA, 250 mM NaCl, 50 mM NaF, 0.1% Triton X-100, 0.1 mM Na 3VO4, 2 mM PMSF, 10 g/ml leupeptin, 4 g/ml aprotinin, and 4 g/ml pepstatin. Protein concentrations were quantified with the Bradford assay (BioRad, Hercules, CA). Western blots were performed by resolving 10 mg of protein extracts on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to PVDF membranes in 10 mM CAPS (pH 11) containing 10% methanol, and probed with antibodies against CBX4 (rabbit polyclonal anti-CBX, #ARP30002-P050; Aviva Systems Biology, San Diego, CA) and bound antibody visualized using horseradish peroxidase-conjugated secondary antibodies (GE Healthcare Life Sciences, Pittsburgh, PA) and Western Lighting Plus ECL reagent (Perkin Elmer, Waltham, MA) and a FluorChemQ Imaging System (Protein Simple, Santa Clara, CA).
Microarray hybridization. After 72 h of treatment with Cbx4 siRNAs, cumulus cells RNA was isolated as above and processed for microarray analysis. The transfection was done the same as described above except that cell number and reagent volumes were increased by fourfold. Up to 50 ng of total RNA from each sample were subjected to two rounds of cDNA synthesis using the Arcturus RiboAmp HS Plus kit (Invitrogen). Labeled cRNA was produced using the Affymetrix GeneChip Expression 3= Amplification for IVT Labeling Kit (Affymetrix, Santa Clara, CA). The biotin-labeled cRNA samples were fragmented, and 10 g were hybridized onto arrays. Posthybridization washing, staining, and scanning were performed as described in the Affymetrix GeneChip Expression Analysis Technical Manual. The amplified cRNA samples were fragmented, and 10 g was hybridized to Affymetrix MOE 430 v2.0 arrays, and the arrays were washed, stained on fluidic stations, and scanned according to the manufacturer instructions.
Microarray data analysis. Microarray data were preprocessed and analyzed with scripts written in R(48), utilizing routines from Bioconductor (23) and Significance Analysis of Microarrays (SAM) (54) packages. The quality of data from individual arrays was assessed by examining the standard indicators: minimum, maximum, and average background, percentage of present calls by the Affymetrix MAS5 algorithm, scaling factor, and ratios of expression between 3= and 5= probes for spike-in probe sets. The array quality control parameters for those samples accepted for further analysis were all within the acceptable ranges. Probe-set expression values were summarized and normalized by robust multiarray analysis (27) . Control and treatment groups of microarrays were compared to identify differentially expressed genes using the SAM algorithm (54) . Probe sets with all expression values below the threshold cutoff of 100 raw intensity units and the probe sets with all absent calls in both treatment groups were excluded. The parameters for SAM analysis were: false discovery rate threshold for q value 0.01, number of permutations 1,000. Array data were deposited with the Gene Expression Omnibus database (accession number GSE46565).
To reduce the potential impact of cross-hybridization to off-target mRNAs and to maximize the confidence and number of gene identities applied to probe sets, a custom set of probe-set definitions and annotations was used instead of those provided by Affymetrix. We performed alignment of probe sequences to RefSeq mRNA sequences and to genomic sequences for genes in GRC38 mouse genome assembly (downloaded on November, 14, 2012) . Based on the alignment results we reduced some of the probe sets by removing probes that did not match their intended targets or matched two or more unrelated gene transcripts. We compiled custom annotations for probe sets. We annotated only those probe sets for which we found sufficient evidence of possible probe hybridization to published gene transcripts (probes mapped to published mRNA sequences) or to not-yet-reported gene transcripts (probes mapped to published genomic sequences). For some probe sets included on the chip we could not identify any complementary mouse transcripts or genomic sequences, and these probe sets were left unannotated. We note that the lack of annotation does not imply that these probe sets are irrelevant, as their annotation status could change with future improvements of genome assemblies and gene annotations.
Gene lists were analyzed with the Ingenuity Pathway Analysis (IPA) program (Ingenuity Systems, Rockwood, CA). This program provides the opportunity to evaluate statistically significant network associations and pathways that incorporate genes from the target list, as well as statistically significant effects on specific cellular process and biological functions. For biological functional analysis, the Fisher's exact test was performed with the P value threshold of 0.05 to identify molecular and cellular functional categories with statistical significance. Biofunctions were also ranked according to the absolute value of the activation z score, which is a statistic estimating the congruence of observed gene expression and previously reported activity for genes related to the particular biofunction and is used to predict biofunctions' activation state (decreased or increased). IPA also identifies potential upstream transcriptional regulators that may be responsible for the observed changes in expression. Similarly to analysis of biological functions, Fisher's exact test is used to predict which upstream regulators are involved and activation z score to predict whether they are activated or inhibited. It should be noted that the z-score can be used in conjunction with other measures of significance (e.g., P value, number of affected molecules, biofunctions). The z score may not fully account for inconsistent observations for gene product interactions or cell type-specific interactions that may arise and, due to undiscovered interactions being absent from the IPA knowledge database, may lead to false negatives. The z score, however, is a valuable aid in identifying affected networks and potential involvements of upstream regulators.
RESULTS
Experimental strategy for determining CBX4 function in cumulus cells. Our objective was to evaluate the degree to which CBX4 contributes to the differentiated state of cumulus cells associated with matured oocytes by knocking down expression of CBX4 and determining how this affects the transcriptome. We chose a siRNA knockdown approach because this could be performed readily on mice of the same genetic background as those employed as oocyte donors for cloning (B6D2F1). Effective siRNA-mediated knockdown of expression of a target protein requires a period of time in order for existing supplies of that protein and its mRNA to decline. A change in CBX4 target gene expression in turn would require additional time to permit epigenetic changes pursuant to loss of CBX4 expression and an associated decline in target gene mRNA expression; a 72 h treatment was selected to meet these requirements.
Knockdown of CBX4 expression by siRNA transfection. We found that lipofectamine-mediated siRNA delivery was more effective than adenoviral-mediated delivery and chose this approach for application in these studies. We verified the knockdown of Cbx4 gene expression 3 days posttransfection by quantitative RT-PCR and by Western blot analysis. At the mRNA level, Cbx4 expression was reduced to 33% of the control values (cells not transfected or cells transfected with scrambled siRNA) (Fig. 1A) . Western blotting revealed 75 and 60% reductions in protein expression compared with nontransfected control cells and cells transfected with scrambled siRNA, respectively (Fig. 1B) .
Effects of Cbx4 siRNA knockdown on gene expression. We obtained four high-quality arrays for Cbx4 siRNA transfected cells and three arrays for scrambled siRNA treated controls ( Table 1 ). The percent P calls and average backgrounds were all within acceptable ranges and similar between arrays. The scaling factors were close to each other, consistent with acceptable quality (40) .
SAM analysis revealed extensive effects of Cbx4 knockdown on mRNA expression profiles ( Table 2 and Supplemental Tables S1 and S2). 1 We observed 3,014 probe sets significantly reduced and 2,502 probe sets with significantly increased signals in Cbx4 siRNA treated cells. Of these, 613 probe sets were decreased and 365 were increased by twofold (459 and 295 annotated genes, respectively), 64 and 56 by fourfold (total 93 annotated genes), and two and 15 by 10-fold or more.
Because CBX4 is a component of the PRC1 complex, we compared the lists of affected genes to published lists of PRC1 target genes identified using gene arrays in mouse ES cells and Drosophila cells (11, 53) and target genes identifiable through intermolecular association or other databases based on data from mammalian cells (list databases) (Supplemental Tables S1 and S2, Column I). This comparison revealed 99 probe-set IDs (63 genes) on the list of probe-set IDs with signals reduced by Cbx4 siRNA that were shared with the ES cell list and 174 probe-set IDs (121 genes) shared with the Drosophila list (250 probe sets, 174 genes total, 56 genes with twofold or greater effects). For probe-set IDs with signals increased by siRNA treatment, 52 (39 genes) and 150 (114 genes) were shared with the two lists (197 probe sets, 150 genes total, 39 genes with 2-fold or greater effects). The total number of genes affected by Cbx4 siRNA and previously described as PRC1 targets was 319, with 95 having expression affected by Cbx4 siRNA by twofold or more. This corresponds 12.6% of the 754 genes affected by twofold or more.
Ingenuity pathway and biofunction analysis of affected genes. We submitted the list of annotated genes affected by Cbx4 siRNA at the level of twofold or greater, combining genes with increased and decreased expression (Supplemental Table S3 ). The list was analyzed with the biofunction, canonical pathway, network, and upstream regulator analysis modules. These tools search for biofunctions and canonical pathways for which lists of associated genes have significant overlap with the query gene list, construct networks (subsets of global molecular network in IPA knowledge base) that contain a high density of genes in the query list, and search for potential upstream regulators for which lists of downstream/ regulated molecules have significant overlap with the query gene. For biofunction analysis, the most significant results based on z score were for multiple categories related to cell proliferation, cytokinesis, DNA replication, and chromatin assembly (decreased), and organismal/embryo death (increased) (Supplemental Table S3 ). Affected canonical pathways include those related to stress response [growth arrest and DNA damage inducible 45 (GADD45)], checkpoint regulation, ataxia telangiectasia mutant (ATM) signaling, estrogen regulation, ephrin signaling, and ovarian cancer (Supplemental Table S4 ).
Affected networks (Supplemental Table S5 , Figs. 2-5) include multiple networks related to cell cycle/assembly/DNA replication and repair (networks 1, 4, 5, 6, 8, 9, 11, 13, 14, 15) figure  (Figs. 2-5 ) and in Supplemental Table S5 .
The IPA upstream regulator analysis tool can reveal key molecules that regulate the affected networks and hence are strong candidates for molecules that are mechanistically related to the observed effects. Some of these directly regulate the networks and may themselves be affected by Cbx4 siRNA treatment, while others may indirectly regulate the affected networks and may be unaffected by Cbx4 siRNA treatment. Some key upstream regulators appeared repeatedly among the affected networks (Table 3 and Supplemental Table S5 ). Some of these are decreased in expression by Cbx4 siRNA treatment (BMPR2, BRCA1, CCND1&2, CDC20, CKS2, CSF1R, E2F1&6&8, ETS1, GREM1, IGF1, INHA, KRAS, LEPR, MKI67, MYC, NCAM1, NR3C1, NR4A1, NR5A2, NUPR1, PRDX2, RUNX2, S100A6, SEC16B, TIMP1, ZBTB20, ZEB1&2). Other upstream regulators are increased by Cbx4 siRNA treatment (CCDC80, CDH1, CDK4, CDKN1A, CDKN2A, COL4A3, DDX58, DNMT3B, EGFR, EGR1, ERBB3, FOXO1, FSHR, KRT18, LIF, LRP6, PRKCI, PTGS2, PTK2, TXNIP, ZFPM2) (see Supplemental Tables S1 and S2 for gene symbol definitions).
The upstream regulator analysis tool yielded many regulators predicted to be affected, but which displayed either no expression or no change in expression with Cbx4 siRNA (Supplemental Table S5 ). These observations may be explained in several ways. First, the array probe sets may not have been adequate to reveal changes in mRNA expression for some regulators following treatment. Alternatively, the activities of some of the regulators may be affected secondarily at a translational or posttranslational level, effects that would not be measured by array analysis but could nevertheless be arising following treatment. A third explanation could be that some z scores may reflect inconsistent or cell type-specific effects in the IPA knowledge database. The upstream regulators that were affected by Cbx4 siRNA were found in narrow subsets of the affected networks compared with the other regulators that appeared repeatedly in multiple networks but were not affected by Cbx4 siRNA. Cbx4 siRNA thus affects the expression of a narrow array of upstream regulators that reside in larger pathways and networks that may be modulated by other upstream regulators with widespread effects. Additionally, downstream genes affected by Cbx4 siRNA treatment that are potential targets of regulators that are not expressed or not affected may indicate an interesting potential for exogenous regulatory factors to partially phenocopy Cbx4 siRNA effects, implicating CBX4 as a possible part of cumulus cell responses to such factors.
We also note that in some instances, the Cbx4 siRNA elicited effects on some upstream regulators that were at odds with the directionality of predicted effects reflected in the z scores for networks (e.g., FOXO1, NUPR1). This suggests that some of the effects of CBX4 in cumulus cells differ from effects in the knowledge database and thus may be cell type specific. 1 The online version of this article contains supplemental material. The most notable among regulators affected by Cbx4 siRNA treatment are MYC (regulates networks 4, 13, 15, and 18) , cyclin D1 (CCND1; regulates network 1 and 8, member of network 8), and E2F transcription factor 1 (E2F1, regulates networks 4 and 6), which are all regulated by PRC1. Other notable regulators affected by Cbx4 siRNA treatment are cyclin-dependent kinase inhibitor 1A (CDKN1A, regulates 3 networks), and cyclin-dependent kinase 4 (CDK4), insulin-like growth factor 1 (IGF1), and nuclear protein transcription regulator (NUPR1) (these regulate 2 networks).
Among regulators not affected by Cbx4 siRNA treatment, the most notable is transforming growth factor beta 1 (TGFB1), which appears as a prominent regulator of 16 of the networks (11 of the top 12) and regulates between four and 12 member Table S6 ). Names of molecules that are affected by Cbx4 siRNA treatment are preceded by 1 (increased) and 2 (decreased by treatment), and their symbols filled gray; darker shades of gray correspond to higher fold-change. Upstream regulators are marked with a thicker border. IPA employs the following symbols in its networks: A, activation; CP, chemical-protein interaction; E, expression; I, inhibition; LO, localization; M, biochemical modification; MB, group/complex membership; nTRR, nontargeting RNA-RNA interaction; P, phosphorylation/dephosphorylation; PD, protein-DNA interaction; PP, protein-protein interaction; PR, Protein-RNA binding; RB, regulation of binding; RE, reaction; T, transcription; TR, translocation; UB, ubiquitination; line, binding only; line with filled arrowhead, downstream effect; line with bar and arrowhead, inhibition and downstream effect; line with outlined arrowhead, translocation; solid line, direct interaction; broken line, indirect interaction; vertical diamond, enzyme; horizontal diamond, peptidase; horizontal oval, transcription regulator; vertical oval, transmembrane receptor; trapezoid, transporter; down-pointing triangle, kinase; square, cytokine; vertical rectangle, G-protein coupled receptor, horizontal rectangle, ligand-dependent nuclear receptor; dashed square, growth factor; dashed rectangle, ion channel; double circle, complex/group; circle, other. genes in those networks; it also regulates one gene in six other networks. TGFB1 was neither a member of any network nor a Cbx4 siRNA affected factor, however, indicating its effects on these networks may be indirect. Transforming related protein 53 (TP53, aka TRP53) appears as a prominent regulator of 13 of the networks (7 of the top 10), regulates up to 12 members of the affected networks and is a member of network 12. Hepatic nuclear factor 4A (HNF4A) regulates 11 of the affected networks (6 of the top 10) and regulates as many as nine members of affected networks; however, it is not a member of any of these networks. V-erb-b2 erythroblastic leukemia viral oncogene homolog 2 (ERBB2) regulates 10 of the affected networks related to DNA replication and cell proliferation and is a member of network 3. FSH is a regulator of four of the networks.
The most prominent network in terms of statistical significance and number of affected molecules is network 1, which is associated with the key functions of cell cycle, cellular assembly and organization, and DNA replication, recombination, and repair. This network contains a rich array of nuclear factors, many of which are affected by Cbx4 siRNA treatment and other genes that are targets of PRC1. Network 1 is notable for its inclusion of CBX4 itself (Supplemental Table S5 , Fig. 2) .
Several other networks stand out as particularly relevant to cumulus cell biology. Chief among these is network 8 (functionally annotated as cell cycle and connective tissue development), which contains two affected upstream regulators, cyclin-dependent kinase inhibitor 2A (CDKN2A) and prostaglandin endoperoxidase synthase 2 (PTGS2), both upregulated by Cbx4 siRNA treatment. PTGS2 plays a vital role ovulation, Table S6 ). Symbols are as described in Fig. 2 . being induced by oocyte-derived growth and differentiation factor 9 (GDF9), and subsequently required for cumulus cell expansion (15, 17) . Network 8 also encompasses many of the most prominent upstream regulators listed above, including TGFB1, TP53, tumor necrosis factor (TNF), CCND1, ERBB2, CDK4, retinoblastoma 1 (RB1), and low-density lipoprotein (LDL). The presence of these regulators also links this network to many of the other affected networks. Network 8 also incorporates the key cellular regulator peroxisome proliferator activated receptor gamma (PPARG), which is also affected by Cbx4 siRNA treatment. PTGS2 impinges directly on a number of these other key molecules, including TGFB1, TNF, ERBB2, and PPARG.
The FSH-related networks are networks 2, 10, 18, 22. Network 2 (endocrine system development and lipid metabolism) contains FSHR, which is upregulated by Cbx4 siRNA treatment and in turn affects other key regulators [TGFB1, TNF, ying-yang 1 (YY1), nuclear receptor family 5 A2 (NR5A2), and E2F transcription factor 6 (E2F6)]. Nearly all of the molecules in this network are affected by Cbx4 siRNA. Network 10 (cellular maintenance) elaborates connections with an even larger array of upstream regulators, including prominent regulators such as TGFB1, TP53, and ERBB2, as well as HNF4A, FBJ Osteosarcoma oncogene (FOS), interleukins, and the key endocrine regulator luteinizing hormone (LH). Network 18 (connective tissue disorders and immunological disease) encompasses two additional regulators that are affected by Cbx4 siRNA but not contained in network 8, collagen type 4 alpha 3 (COL4A3) and ERBB3 (also in network 10). Network 18 is notable for the inclusion Supplemental Table S6 ). Symbols are as described in Fig. 2 In considering the endocrine regulation of follicle cell function, we examined the lists of affected genes for components related to activin and inhibin signaling and responses. We observed reduced expression of mRNAs encoding Inhibin alpha (INHA), cytochrome P450 family member 11A1 (CYP11A1), hydroxy-delta-5-steroid dehydrogenase, 3 beta (HSD3B), steroidogenic acute regulatory protein (STAR), and follistatin like (FSTL1) (Supplemental Table S1 ), some of which are regulated by activin (in conjunction with estrogen stimulation) in granulosa or corpus luteum cells. We also observed increased expression of mRNAs encoding FSHR (positively regulated by activin), ACVR1, and SMADs 3 and 4 (mediators of activin responses) and BMP and activin membrane-bound inhibitor (BAMBI, a negative regulator of activin signaling) (Supplemental Table  S2 ). Further evidence of a link between cumulus cell expressed CBX4 and oocyte quality is the increased expression of PTGS2 (a cumulus cell expressed gene associated with high quality oocytes) and its association with an affected network (no. 8, Fig. 4) .
We next submitted for IPA analysis a list of 95 genes that were affected by at least twofold by Cbx4 siRNA and also Supplemental Table S6 ). Symbols are as described in Fig. 2 . Table S6 ). An analysis of canonical pathways associated with the PRC1 target genes yielded highly significant results for many of the same categories, including those mentioned above with direct physiological relevance to folliculogenesis, such as estrogen signaling, aryl hydrocarbon signaling, and signaling through several hormones and growth factors (Supplemental Table S7 ). The results with the known PRC1 targets therefore reinforce the results obtained with the entire gene lists.
Effects of Cbx4 siRNA on cumulus markers of oocyte and embryo quality.
Many studies in recent years have examined genes expressed in cumulus cells at levels that differ according to whether the oocyte is deemed of high or low quality or subsequently judged to be of higher or lower developmental competence. Effects of Cbx4 siRNA on these genes would indicate possible effects of CBX4 on crucial differentiative parameters of cumulus cells and their appropriate specialization to support production of high-quality oocytes. We inspected our lists of affected genes to determine whether CBX4 might positively or negatively regulate cumulus cell phenotype in a way that could affect oocyte quality. We observed 12 alterations with Cbx4 siRNA that would correlate with increased oocyte quality and 13 that would correlate with lower oocyte quality ( Table 4) .
Relationship of Cbx4 siRNA effects to cloned embryo gene expression defects. Because cloned embryos overexpress the Cbx4 mRNA and display numerous somatic cell-like characteristics, we evaluated the degree to which CBX4 might contribute to the aberrant cloned embryo phenotype. We compared the lists of genes affected by Cbx4 siRNA in cumulus cells to the lists of genes showing altered transcription-dependent expression in our previous study of cloned embryos compared with normal embryos (sets 2J and 2M) (57) .
Reducing Cbx4 mRNA expression with siRNA should mediate an effect opposite to the effect of elevated Cbx4 mRNA expression in clones. We first compared the list of embryonically transcribed genes with decreased expression in two-cell cloned embryos (set 2M) (57) to those with increased expression arising from Cbx4 siRNA treatment of clones and divided these between known PRC1 targets and other genes as indicated in Supplemental Tables S1 and S2 . These would be genes that would be repressed by CBX4 in both cumulus cells and clones. We observed three and 28 probe sets shared between the lists of underexpressed genes in clones and the lists of Cbx4 siRNA-enhanced PRC1 targets and other probe sets, respectively, corresponding to 1.0 and 9.3% of the 302 set 2M (57) probe sets (Supplemental Table S8 ).
Increased expression of genes in clones due to higher CBX4 expression could arise by the alleviation of indirect gene repression mediated by direct CBX4 targets, and these genes would be expressed at reduced levels in Cbx4 siRNA treated cumulus cells. We found 12 probe sets (11 genes) that were shared between the list of embryonically transcribed, overexpressed mRNAs in clones (set 2J) (57) and the list of siRNA-diminished known PRC1 targets in cumulus cells, and 116 probe sets shared with the list of other siRNA-diminished probe sets, corresponding to 1.36 and 13.2%, respectively, of the 880 probe sets for genes overexpressed and embryonically transcribed in cloned two-cell stage embryos (Supplemental Table S8 ). Combining these two sets of genes regulated oppositely in clones vs. siRNA-treated cumulus cells yielded 150 out of 1,182 (12.7%) of the affected transcribed genes in cloned two-cell stage embryos.
We also observed genes that were regulated in the same direction in clones compared with normal embryos as by Cbx4 siRNA treatment of cumulus cells. We observed 57 probe sets (54 annotated genes) that were repressed in clones and also reduced with Cbx4 siRNA treatment of cumulus cells, only two of which were reported PRC1 targets (Supplemental Table S8 ). We also observed 86 probe sets (84 annotated genes) that were elevated in clones and also elevated by Cbx4 siRNA treatment of cumulus cells, two of which were reported PRC1 targets (Supplemental Table S8 ).
Combining the results of the inversely regulated gene sets and the genes that were affected in the same directions yields a total of 302 probe sets for genes sensitive to Cbx4 knockdown in cumulus cells genes and having altered embryonic transcription-dependent expression in clones (25.6% of the affected 1,182 genes), nearly half of which are potentially regulated differently between the two cell types.
DISCUSSION
The polycomb repressor complex 1 (PRC1) regulates gene expression and cellular differentiation in diverse cell types. The data here provide, for the first time, evidence indicative of a role for the PRC1 component CBX4 in cumulus cell devel- (53) . Symbols for genes with increased and decreased expression and fold-change Ն2 are preceded with 11 and 22, respectively. Symbols for genes with increased and decreased expression and fold-change Ͻ2 are preceded with 1 and 2. Number (. . .) next to a network ID in the 6th column signifies how many molecules in that network the regulator is affecting. Label (M/. . .) signifies that the regulator is also a member of that network. proposed to be cumulus cell-expressed markers of oocyte quality are affected by Cbx4 knockdown in a manner that could either increase or decrease oocyte quality indicates that fine regulation of CBX4 expression is likely important for generating high-quality oocytes. We also confirmed that CBX4 regulates genes that are aberrantly expressed in cloned embryos.
Our results provide novel information about the functions of CBX4. First, our results reveal for the first time functions of CBX4 in cumulus cells. Second, our results reveal effects of CBX4 on a variety of other regulatory factors in cells, some direct effects, and some indirect effects. Some of the observed effects were not previously in the IPA knowledge database, indicating newly discovered functions. An overview of the CBX4 functions in cumulus cells can be inferred from the effects of Cbx4 siRNA treatment, connections to members of affected networks, and the affected biological functions associated with the affected networks (Supplemental Table S9 and Fig. 6 ). The results indicate that CBX4 directly increases or decreases the activities of multiple regulators, which in turn act via a variety of networks to affect a range of biological processes. Multiple interactions of CBX4 with members of the affected networks indicate that CBX4 plays a role in the elaboration of a range of biological functions ( Fig. 6 and Supplemental Table S5 , column F).
The IPA indicates that in cumulus cells CBX4 regulates genes that are associated with cellular proliferation and cellular differentiation, as it does in other cell types. The IPA analysis also revealed effects on genes that are associated with the specific developmental transitions in these cells related to folliculogenesis, ovulation, and other processes in the ovary. CBX4 may modulate cumulus cell functions during folliculogenesis by affecting transcriptional responses to diverse paracrine and endocrine stimuli including FSH, activin, growth hormone, and insulin, as well as oocyte-derived factors such as the TGF␤ family members, GDF9 and bone morphogenetic protein 15 (BMP15).
Our results indicate that part of CBX4 effects may be mediated via genes in the activin response pathway. We observed reduced expression of several genes that are nega- Treatment with the Cbx4 siRNA increased array expression values for mRNAs encoding FSHR and PTGS2, two key regulators of ovarian biology, key for promoting cumulus cell differentiation and expansion. PTGS2 provides an essential link in the pathway by which the cellular activities of the cumulus cell are integrated with the needs of the developing oocyte, culminating in successful ovulation of a high-quality oocyte for fertilization. PTGS2 is essential for cumulus cell function, cumulus cell expansion, and ovulation. Its expression is regulated by oocyte-derived GDF9, and this in turn regulates numerous downstream pathways (15, 18) . FSH stimulation is key for granulosa cell differentiation and folliculogenesis (25) and stimulates cumulus cell expansion (20) . Oocyte-derived BMP15 inhibits FSHR expression and thereby coordinates granulosa cell proliferation and differentiation (46) . GDF9 promotes granulosa cell proliferation and inhibits FSH-induced granulosa cell differentiation (39) but enables FSH-induced cumulus cell expansion (16) . Mouse and human GDF9:BMP15 heterodimers potently stimulate cumulus cell expansion (47) . Gene expression in cumulus cells is sensitive to the amount of FSH stimulation (49) .
Our data indicate that CBX4 may normally discourage cumulus cell differentiation and/or expansion. This may be in part by modulating expression of FSHR and PTGS2 in cumulus cells. Prominent affected networks include those related to cell proliferation and DNA replication/repair, cell assembly and morphology, and endocrine system development and function. Accounting for directionality of effects on biofunctions (z scores, Supplemental Table S3), the broader effects of Cbx4 siRNA were to inhibit cell proliferation and promote cell death, indicating a possible role for CBX4 in promoting cell proliferation and survival in these cells. These effects may involve a combination of upstream regulators (Table 3 and Supplemental S5) acting through multiple signaling pathways. It is possible that CBX4 expression itself responds to exogenous factors such as FSH, BMP15, and GDF9. The impact of Cbx4 siRNA on the expression of FSHR and PTGS2 indicates that CBX4 may modulate changes in gene expression brought about by exogenous factors, such as FSH and estrogen, and oocytederived factors. However, additional effects of Cbx4 siRNA on receptors that function as upstream regulators, such as epidermal growth factor receptor (EGFR), leptin receptor (LEPR, a PRC2 target), bone morphogenetic protein receptor type 2 (BMPR2), and colony stimulating factor 1 receptor (CSF1R), suggest that CBX4 expression regulates cumulus cell responses to a range of exogenous ligands. And effects of Cbx4 siRNA on a range of nuclear factors (Table 3) suggest an even broader role for CBX4 in controlling cumulus cell differentiation. Interactions between TGFB1, FSH, and forkhead box 1 (FOXO1) in the regulated networks emphasize the opportunities for such effects. For example, CBX4 effects on FOXO1 could underlie the CBX4 support of cell survival. Collectively, these observations implicate CBX4 as a key regulator that may help integrate a range of stimuli into a definitive change in cell state leading to establishment of a developmentally competent oocyte. This ability of CBX4 to fine-tune cumulus cell state may account for its control in cumulus cells of genes for which expression correlates either positively or negatively with oocyte quality.
The dynamic nature of the cumulus cell differentiated state likely adds to the complexity of CBX4 effects. Our recent studies in the rhesus monkey indicate that cumulus cells, which manifest a phenotype distinct from mural granulosa cells prior to ovulation, transition to a more granulosa-like state during ovulation (14) . Here, Cbx4 siRNA was applied to cumulus cells that were obtained from ovulated MII stage oocytes and then cultured in the absence of oocytes. A more granulosa-like state achieved during ovulation could be sustained during culture, providing a valuable opportunity for its study. The results described here may thus reflect how CBX4 contributes to the establishment of this unique cell state. Additionally, increases in expression of matrix metalloproteinase mRNAs raises the interesting possibility that cumulus cells may undergo a degenerative process sharing some features with luteolysis, which normally may work with apoptotic processes to facilitate the release of the fertilized oocyte from its associated cumulus cells after fertilization. CBX4 may modulate this transition as well.
The results presented here also support our previous conclusion that continued expression of donor cell transcription regulators contributes to the aberrant regulation of genes in early-stage cloned embryos. Approximately one-quarter of the aberrantly expressed genes in clones appear to be responsive to the level of CBX4 expression in cumulus cells. About half of these genes may affect the differentiative abilities of cells in the early-stage clones. Because CBX4 promotes lineage commitment and differentiation in stem cells, its apparent disruption of downstream genes in clones could alter cell lineage allocation during preimplantation development. We note that one of the genes affected in common between cumulus cells and clones is Kruppel-like factor 4 (Klf4), which has a widely known role in regulating cellular pluripotency (52) . CBX4 effects on DNA methyltransferases could also contribute to epigenetic abnormalities in clones.
The finding that nearly half of the transcribed genes that showed altered expression in clones and were sensitive to Cbx4 siRNA treatment of cumulus cells may respond to CBX4 expression differently between the two cell types indicates that, as a result of nuclear reprogramming, the transcription response to CBX4 has been altered by the late two-cell stage but that this reprogramming remains incomplete by the time gene transcription initiates in the cloned embryo. This is consistent with our earlier conclusion that reprogramming occurs over a prolonged period of time, and, as a consequence, clones elaborate a phenotype that is intermediate between somatic cell and normal embryo. This result also indicates that downstream effects of CBX4 are cell context dependent. The further study of CBX4 effects on gene regulation through the comparison of normal and cloned embryos could provide new insight into how the role of CBX4 and other PRC1 components changes as early development progresses. Additionally, the manipulation of other transcription factors in somatic cells combined with the analysis of their effects in normal and cloned embryos could provide a novel approach for understanding the stagespecific effects of other transcription factors during early development, as well as the degree to which the activities of such factors are amenable to the reprogramming process.
In summary, the results presented here for effects of Cbx4 siRNA on cumulus cells indicate a complex role of the PRC1 complex in controlling cumulus cell gene expression and may advance our understanding of infertility. Cbx4 siRNA exerted many effects in cumulus cells, including changes in the expression of a wide array of receptors and transcriptional regulators. This suggests that CBX4 exerts a broad range of effects in cumulus cells mediated by numerous downstream pathways and networks that contain these key regulators as key nodes of interactions. Additionally, these effects intersect in networks that are responsive to exogenous factors such as TGFB, interleukins, and endocrine factors. This suggests that CBX4 may play a key role during folliculogenesis by modulating cellular responses to these factors and highlights the likely sensitivity of cumulus-oocyte complexes to the maternal endocrine milieu. These results also indicate that modifying the availability of such factors could provide one approach to modifying cumulus cell function and thereby modifying oocyte quality. The effects of Cbx4 knockdown on previously reported markers of oocyte quality are consistent with a need for fine regulation of CBX4 expression during the production of highquality oocytes. Cumulus cells undergo a continuous evolution in cell phenotype so that they can meet the changing needs of the developing oocyte before and after ovulation. Further studies examining the roles of other PRC1 and PRC2 components should help to clarify how the complex and dynamic pattern of gene expression is orchestrated to support cumulus cell development, differentiation, and degeneration and how this contributes to production of high-quality oocytes. Additionally, understanding the potential role of genetic, epigenetic, and environmentally induced variation of CBX4 expression may help to explain and avoid incidences of reduced oocyte quality. 
